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Abstract 
Fine-tuning chemistry by doping with transition metals enables new perspectives for exploring 
Kitaev physics on a two-dimensional (2D) honeycomb lattice of α-RuCl3, which is promising in 
the field of quantum information protection and quantum computation. The key parameters to vary 
by doping are both Heisenberg and Kitaev components of the nearest-neighbor exchange 
interaction between the Jeff = ½ Ru3+ spins, depending strongly on the peculiarities of the crystal 
structure. Here, we successfully grew single crystals of the solid solution series Ru1−xCrxCl3 
(0 ≤ x ≤ 1) with Cr3+ ions coupled to the Ru3+ Kitaev host using chemical vapour transport reaction. 
The Cr3+ substitution preserves the honeycomb type lattice of α-RuCl3 with mixed occupancy of 
Ru/Cr sites, no hints on cationic order within the layers were found by single crystal X-ray 
diffraction and transmission electron microscopy investigations. In contrast to the high quality 
single crystals of α-RuCl3 with ABAB ordered layers, the ternary compounds demonstrate a 
significant stacking disorder along the c-axis direction evidenced by X-ray diffraction and high 
resolution scanning transmission electron microscopy (HR-STEM). Raman spectra of substituted 
samples are in line with a symmetry conservation of the parent lattice upon chromium doping. At 
the same time, magnetic susceptibility data indicate that the Kitaev physics of α-RuCl3 is 
increasingly repressed by the dominant spin-only driven magnetism of Cr3+ in Ru1−xCrxCl3. 
 
Introduction 
A critical aspect for advancing knowledge and practical applications of complex materials is the 
ability to control their electronic properties via chemistry routes. Chemical doping, when the 
substituting atoms become an integral part of the electron system, is a powerful tool to trigger and 
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vary electronic interactions at the atomic level, which makes it especially advantageous for 2D 
systems, for example, 5d and 4d oxides and halides hosting new types of magnetic ground states 
and excitations, such as Kitaev spin liquids1. The latter stimulated great interest due to their 
potential to protect quantum information2,3 or to provoke the emergence of Majorana fermions.4,5,6 
Due to peculiarities of the crystal structure, α-RuCl3 is currently under consideration as a candidate 
for a Kitaev−Heisenberg system describing the competition of bond dependent magnetic exchange 
interactions in a honeycomb lattice structures.1 α-RuCl3 consists of very weakly bonded layers of 
edge-sharing RuCl6 octahedra with the central Ru3+ (4d5) ions forming an almost ideal honeycomb 
arrangement, which is essential for the Kitaev−Heisenberg model. The stacking sequence of the 
layers may differ depending on synthesis conditions which lead to the symmetry lowering 
observed in X-rays and neutron diffraction measurements. 7,8,9,10,11 Single crystals of α-RuCl3 with 
minimal stacking faults are seen to consistently exhibit a monoclinic unit cell (space group C2/m) 
12 corresponding to a stacking of layers similar to those in AlCl3 13 or iridates14,15 (ABAB stacking). 
So far, little is known experimentally about the nature of the phases that derive from chemical 
doping of α-RuCl3. Very recently the series Ru1−xIrxCl3 has been investigated on crystals and 
polycrystalline samples. 16 Low-spin 5d6 Ir3+ may be considered as a non-magnetic impurity in the 
Jeff = 1/2 Ru3+ magnetic sublattice while the identical ionic radii of Ru3+ and Ir3+ should preserve 
a regular MCl6 environment. Interestingly, iridium doping does not lead to complete magnetic 
order suppressing although the Neel temperature is found to be shifted towards lower temperatures 
with increasing dopant content. Neutron diffraction experiment reveal Ru1−xIrxCl3 crystals to 
exhibit the same magnetic Bragg peaks as disordered large crystals of α-RuCl3, corresponding to 
a mixture of ABAB and ABCABC stacking periodicity. 16 Moreover, the volume fractions of these 
phases vary from one sample to the next. Other mixed-metal trihalides Ru1−xMxCl3 have received 
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little attention in this respect so far.  
The crystal structure of the layered monoclinic transition metal trihalides can be regarded as a 
distorted variant of the anionic hexagonal close-packing with 2/3 of the octahedral voids filled by 
the transition metal cations in every second layer. The deviation from the ideal structure is typically 
described by two criteria – the dislocation of the metal atom layers from the perfect hexagonal net 
and the perturbation of the dense anionic close-packing. The former can be caused by emergence 
of intra-layer metal-metal interactions, whereas the latter is related to polarization of anions by the 
highly-charged transition metal cations. According to these criteria, the crystal structures of CrCl3, 
AlCl3, IrCl3 and RhCl3 are most closely related to α-RuCl3.  
The Ru1−xMxCl3 (M = Cr, Ir, Rh) compounds were prepared for the first time more than 20 years 
ago by deposition from the gas phase. 17,18 The series of chromium doped crystals were used as a 
model system for the direct determination of the dopant content in the RuCl3 structure by scanning 
tunneling microscopy (STM). 19 Crystals of compositions Ru1−xCrxCl3 with x = 0.11, 0.15 and 0.20 
were reported. 19 The positions of the chromium atoms are found to be statistically distributed in 
the (001) face by means of STM for the Ru0.8Cr0.2Cl3 sample. The single crystal X-ray diffraction 
(XRD) based characterization was not provided due to low quality of the crystals containing 
twinning and a considerable amount of stacking faults. Up to date, the electronic and magnetic 
properties as well as bulk crystal structure of Ru1−xCrxCl3 are not investigated. Due to the close 
structural proximity to α-RuCl3, the regular MCl6 environment is preserved, but in contrast to α-
RuCl3, CrCl3 represents a material with predominant Heisenberg interactions. CrCl3 undergoes 
magnetic ordering below at TN = 17 K and recent reports indicate a two-step ordering process20. 
Neutron diffraction investigations at 4.2 K 21 revealed that the magnetic moments lie in the 
honeycomb (001) plane with adjacent ferromagnetic layers being aligned in an antiparallel way. 
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Thus, 3d3 Cr3+ is expected to be a magnetic impurity in the Jeff = 1/2 Ru3+ sublattice and may be 
regarded as a first experimental system representing 3d magnetic impurities coupled to a Kitaev 
Heisenberg magnet. 
Here we report the synthesis of the full substitution series Ru1−xCrxCl3 (0 ≤x ≤ 1) as well as crystal 
growth, structure determination and electron microscopy investigations at the atomic level of 
samples with x = 0.05, 0.1 and 0.5. Finally, the evolution of the magnetic properties in the series 
is characterized by magnetization measurements.  
 
Experimental 
All preparation steps were performed in an argon-filled glovebox with O2 and H2O content less 
than 0.1 ppm. For the synthesis, pure ruthenium powder (-325 mesh, 99.9% Alfa Aesar) and 
chromium powder (-100 mesh, 99.5% Aldrich) were filled into a quartz ampoule, together with a 
sealed silica capillary containing chlorine gas (99.5 % Riedel-de Haën). The chlorine gas was dried 
prior to use by bubbling through conc. H2SO4 and a CaCl2 column, the ruthenium and chromium 
powders were used was without further purification. The molar ratio of the starting materials was 
chosen with a slight excess of chlorine to ensure in-situ formation of RuCl3 and CrCl3 and their 
chemical transport according to the reactions: 
2RuCl3(s) + Cl2(g) → 2RuCl4(g), 22 
2CrCl3(s) + Cl2(g) → 2CrCl4(g). 22,23,24 
The starting compositions for different samples are given in Table 1. After sealing of the reaction 
ampoule under vacuum, the chlorine-containing capillary inside was broken in order to release the 
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gas. The ampoule was kept in a two-zone furnace with the temperature gradient between 750 °C 
(source) and 650 °C (sink) for 5 days. It was found that a prolongation of the growth time had little 
effect on both the number and size of the crystals. A successful growth exhibits few well separated 
platelike black crystals as displayed in Figure 1(a). These crystals have individual facets of up to 
0.8 cm2 in area. No oxides and no elemental metal phases were identified in the powder patterns 
of the obtained mixed phases. Insignificant amounts of green Cr2O3 powder were found at the 
source sides from time to time but this phase has never been transferred to the sink. 
X-ray powder diffraction (PXRD) patterns were collected using a PANalytical X’Pert Pro MPD 
diffractometer with CuKα1 radiation (λ = 1.54056 Å) at room temperature in the 2θ range between 
5 and 90 °, with a scan speed of 0.01 ° per second and a step size of 0.026 °.  
Single crystals intensity data were collected at T = 100(1) K using either, a four-circle 
diffractometer Supernova (Rigaku-Oxford Diffraction) equipped with a hybrid photon counting 
detector or an Apex II (Bruker-AXS) with a CCD detector, with graphite-monochromated Mo-Kα 
radiation (λ = 71.073 pm). Data were corrected for Lorentz and polarization factors, and a multi-
scan absorption correction was applied. 25,26 The crystal structures were refinement against Fo2 
were performed with JANA2006 27 using the site parameters of α-RuCl3 as start model.  
The SEM images were collected on a Hitachi SU8020 microscope equipped with a field-emission 
gun. An acceleration voltage of 2 kV and a current of 10 µA were used to generate the SEM images 
in the secondary electron scanning mode. The energy dispersive X-ray spectra (EDX) were 
collected using an Oxford Silicon Drift X-MaxN detector at an acceleration voltage of 10 or 20 kV 
and with 100 s accumulation time. 
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Selected area electron diffraction (SAED) patterns and bright-field (BF) TEM images were 
recorded with a FEI Tecnai-T20 transmission electron microscope (with a thermo-emission LaB6 
cathode, operated at 200 kV) equipped with EDX analyzer. For a specimen preparation the crystals 
of Ru0.91(4)Cr0.10(2)Cl3 were ground in an agate mortar and then were dispersed in isopropanol 
following by ultrasonic bath treatment for five minutes. A few drops of the solution were put on a 
copper grid with a holey carbon film. The homogeneity of microcrystallites composition was 
confirmed by energy dispersive X-ray (EDX) analysis using the Ru-L, Cr-K, and Cl-K lines. The 
Tecnai imaging and analysis (TIA) software was used to record images with the digital camera. 
High resolution Scanning transmission electron microscopy (HR-STEM) have been performed 
using FEI Titan3 80-300 probe and image corrected microscope operated at 300 kV. The 
convergence semi-angle was set to 21.5 mrad. Fast HR-STEM image series had been acquired and 
post processed using SmartAlign by HREM Research. 28 For the HR-STEM study, a parallel-sided 
lamellae was micromachined from the Ru0.91(4)Cr0.10(2)Cl3 crystal perpendicular to its ab-plane 
using a 30 keV focused ion beam, FIB Crossbeam 1540 XB, Zeiss. At the final stage of specimen 
preparation, at a thickness of approximately 600 nm, low 120 keV cleaning was carried out using 
2 keV FIB milling to reduce the effects of specimen surface damage and Ga implantation. The 
final lamellae composition was also confirmed by EDX (see Supporting Information, Figure S1). 
Raman spectra were recorded with a LabRam System 010 (Jobin Yvon) in backscattering mode. 
The setup, equipped with a microscope (objectives 10× and 50×) and additional filters for low-
frequency performance, used the He–Ne 633 nm line with 15 mW as excitation source. To prevent 
radiation- or heat-induced oxidation processes on the crystal surfaces, the laser power was 
attenuated and crystals were mounted in quartz capillaries under argon. The capillaries were then 
flame sealed and fixed on a glass slide. 
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The magnetization was measured using a superconducting quantum interference magnetometer 
SQUID-5T “Quantum Design” in a temperature range of 2 ≤ T ≤ 300 K at µH = 0.1 and 1 T applied 
parallel to the ab-plane of a crystal after zero-field cooling. 
 
Results and Discussion 
Ru1−xCrxCl3 crystals exhibit a platelike morphology with flat, shiny, black surface as visible from 
Figure 1a; crystals with chromium content higher that x ≥ 0.8 are dark brown, pure CrCl3 is purple. 
The typical SEM micrographs of a single crystal are presented in Figure 1, b‒d. No obvious 
morphology change in Ru1−xCrxCl3 was detected as compared to pure α-RuCl3 29, Figure 1a;30, 
Figure 1b. The largest crystal faces correspond to the (001) face and in the orthogonal direction 
terrace-like structures with steps of a few micrometers thickness can be seen. The individual steps 
and layers are shifted and rotated relative to each other without obvious coherence (Figure 1d). 
The crystals growth most likely proceeds by a layer-by-layer deposition including the formation 
of flat, low-growth rate facets, as it was observed previously for other layered compounds with a 
high volatility. 31,32,33 Due to the highly anisotropic morphology the Ru1−xCrxCl3 crystals 
selectively cleave along the 100 direction. Mechanical manipulation of the Ru1−xCrxCl3 crystals 
can, like in the case of α-RuCl3, easily introduce more layer misorientation and stacking faults, 
resulting in a higher amount of diffuse intensity in the diffraction images. The homogenous 
distribution of Ru and Cr in the samples is shown on a crystal of Ru0.91(4)Cr0.10(2)Cl3 as example in 
Figure 2. 
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Figure 1. (a) Ru1−xCrxCl3 crystals grown by chemical vapor transport (b‒d) Scanning electron 
micrographs taken at 2.0 keV in the SE mode showing the morphology of the Ru1−xCrxCl3 
crystals in the ab-plane and along the stacking fault direction.  
 
 
Figure 2. Secondary electron (SE) image and EDX color maps from a representative Ru/Cr 
mixed metal Ru0.91(4)Cr0.10(2)Cl3. The scale bar corresponds to 25 µm. 
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Very recently the thermodynamics of α-RuCl3 crystal growth was modelled by CalPhaD method 
34 with a focus to production of the α-RuCl3 nanosheets with a thickness of about 20 – 200 nm. 
With respect to the calculation results 34, the transport of α-RuCl3 is possible without any additional 
transport agent. Our experiments confirm that more compositionally complex Ru1−xCrxCl3 phases 
can be also deposited from a vapor phase without changes in their composition even in the absence 
of Cl2 transport agent. 
 
X-ray diffraction 
X-ray powder diagrams indicated phase pure products for the complete series Ru1−xCrxCl3; no peak 
splitting was observed which might point towards structural changes or phase separation. To 
investigate the trend of the lattice parameters in the Ru1−xCrxCl3 series, we measured X‐ray 
diffraction patterns for all compounds with a Si standard (see Supporting Information, Figure S2). 
The powder patterns indicate an extremely strong texture, (00L) reflections are dominant 
compared to other observed diffracted intensities. The patterns were indexed in the monoclinic 
C2/m unit cell of the binary border phases (α-RuCl3 for samples with x ≤ 0.5 and CrCl3 for samples 
with x > 0.5) and the lattice parameters were refined by Rietveld analysis. As can be seen from 
Figure 3d, the lattice parameter c – i.e. the stacking direction of the honeycomb MCl3-layers of the 
mixed crystals – increases with increasing chromium content. In the ab-plane the substitution of 
Ru by Cr leads to a compression of the α-RuCl3 honeycomb net along the b-axis, whereas the 
a lattice parameter remains almost constant. The monoclinic angle β decreases slightly, from 
108.96(1) ° in Ru1.00(2)Cr0.019(1)Cl3 to 108.76(1) ° in Ru0.31(1)Cr0.74(1)Cl3 (for comparison, the 
monoclinic angles in RuCl3 and CrCl3 are 108.96(1) ° and 108.49(1) °, correspondingly). It is 
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interesting to note that these tendencies differ from those found for the Ru1−xIrxCl3 substitution 
series 35. Despite the smaller crystal ionic radii of Cr3+ (75.5 pm; high-spin configuration) as 
compared to Ru3+ and Ir3+ (82 pm), all in octahedral coordination 36, the volume of the unit cell 
increases by both Cr and Ir doping in comparison to pure α-RuCl3. Thus, for the maximal 
achievable Ir content (x = 0.35 16) the volume of the unit cell is ~0.4 % larger than that of α-RuCl3 
while for the comparable substitution degree of Cr (x = 0.37) the increase of the unit cell volume 
is about 0.5 %. In contrast to Ru1−xIrxCl3, the Ru1−xCrxCl3 solid solution samples do not strictly 
obey Vegard’s law even in the low Cr-substitution regime. The starting (nominal) compositions of 
Ru1−xCrxCl3 samples and the composition obtained by means of the EDX analysis on single crystals 
are summarized in Table 1 and Figure 3 together with the results of the PXRD analysis. It is also 
worth noticing that X‐ray peak intensities, EDX results as well as the physical appearance of 
crystals remained unchanged after storing the crystals several weeks under ambient conditions, 
demonstrating stability of the chromium doped samples in air. 
Table 1. Starting compositions, EDX results and PXRD-derived lattice parameters for 
Ru1−xCrxCl3 crystals 
Starting composition EDX a, Å b, Å c, Å β, ° V, Å3 
RuCl3 RuCl3 5.9719(3) 10.3636(5) 6.0466(2) 108.960(4) 353.92(1) 
Ru0.98Cr0.02Cl3 Ru1.00(2)Cr0.019(1)Cl3 5.9731(3) 10.3639(4) 6.0428(4) 108.967(5) 353.76(2) 
Ru0.95Cr0.05Cl3 Ru0.96(1)Cr0.05(1)Cl3 5.9573(6) 10.3676(6) 6.0571(5) 108.989(9) 353.15(4) 
Ru0.9Cr0.1Cl3 Ru0.91(4)Cr0.10(2)Cl3 5.9597(4) 10.3567(5) 6.0456(3) 108.695(6) 353.46(2) 
Ru0.8Cr0.2Cl3 Ru0.84(2)Cr0.16(1)Cl3 5.9660(4) 10.365(1) 6.0644(6) 109.05(1) 355.15(3) 
Ru0.75Cr0.25Cl3 Ru0.76(1)Cr0.24(1)Cl3 5.9721(3) 10.3369(4) 6.0714(3) 109.00(5) 354.40(1) 
Ru0.7Cr0.3Cl3 Ru0.69(1)Cr0.37(1)Cl3 5.9822(8) 10.314(1) 6.0916(1) 108.80(1) 355.80(1) 
Ru0.6Cr0.4Cl3 Ru0.59(1)Cr0.47(1)Cl3 5.9696(4) 10.3380(6) 6.0869(2) 108.842(5) 355.52(2) 
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Ru0.5Cr0.5Cl3 Ru0.41(4)Cr0.59(4)Cl3 5.972(1) 10.328(2) 6.0955(7) 108.81(1) 355.90(1) 
Ru0.3Cr0.7Cl3 Ru0.31(1)Cr0.74(1)Cl3 5.9732(5) 10.306(2) 6.1187(3) 108.76(1) 356.65(4) 
CrCl3 CrCl3 5.9588(1) 10.3206(1) 6.1138(2) 108.495(8) 356.57(1) 
 
Single crystal X-ray diffraction patterns were collected for the samples with a nominal x = 0.05, 
0.1, 0.2 and 0.5 and the structure refinements were conducted. Unfortunately, no suitable crystals 
with x > 0.5 could be isolated for structure analysis. 
 
Figure 3. Crystal structure and lattice parameters for the Ru1−xCrxCl3 series. Ru, Cr and Cl atoms 
are shown in blue, gray and yellow, respectively. 
 13 
 
The diffraction images of the investigated crystals of the Ru1−xCrxCl3 series resemble those of α-
RuCl3 and can be indexed with C-centered monoclinic unit cells of a ≈ 5.9 Å, b ≈ 10.4 Å, c ≈ 6.1 
Å, and β ≈ 109° in agreement with the PXRD data. As observed in 7 reciprocal layers HK0, HK1, 
HK2, etc. are inconspicuous, but layers perpendicular to the stacking direction of the honeycomb 
nets show an alteration of rows consisting of sharp Bragg spots only and rows with extended 
diffuse scattering contributions between Bragg spots or even diffuse intensities instead of Bragg 
spots. As shown for the example Ru0.91(4)Cr0.10(2)Cl3 in Figure 4, rows 0KL, 1KL, 2KL, etc. contain 
only sharp Bragg spots for K = 3n (n: integer) and diffuse rods with a modulated intensity 
distribution for K = 3n+1 and K = 3n+2. The modulo 3 sequence of the diffuse rods points towards 
a shift of ±b/3 between stacked honeycomb layers and was called stacking fault of type a in 7. The 
same “extinction rules” for the location of diffuse scattering rods has been described as a textbook 
example for stacking faults of hexagonal closed-packed layers. 37 The modulation of the intensity 
along these rows (Figure 4c) indicates partial ordering, however, this is not resolvable at least with 
the given setup. Reflections in every third row (00L, 03L, 06L, e.g.) are sharp and without diffuse 
steaks, i.e., these rows are not affected by stacking faults and the structure factors of the respective 
Bragg reflections are not altered by atomic shifts. These rows see a projected structure which is 
periodic along the stacking direction with all layers being identical. This, in turn, means it is 
impossible to probe different Ru/Cr site occupancies (if there were some) in different layers along 
001 from X-ray diffraction experiments. On the other hand, the ordering in an individual 
honeycomb layer can’t be resolved either as the scattering experiment averages over several layers. 
Moreover, the diffuse scattering – which is omitted during conventional integration of reflection 
intensities – is taking intensities off the Bragg spots, so that the observed structure factors for these 
rows are subject to large systematic errors. Depending on the amount of diffuse scattering 
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intensity, this will inevitably lead to poor fits, large discrepancies between Fobs and Fcalc, large 
residual electron densities and conspicuous displacement parameters.  
 
Figure 4. Re-calculated reciprocal layers (a) hk0 and (b) 0kl of Ru0.91(4)Cr0.10(2)Cl3; the intensity 
distribution along the series containing diffuse contributions exhibit a certain modulation 
pointing towards partial ordering (c).  
 
Only crystals of the composition Ru0.5Cr0.5Cl3 were found of a quality comparable to pure α-RuCl3 
38,7, i.e. with a reasonably low amount of diffuse scattering contributions so that a standard 
refinement procedure was considered. For samples of Ru1−xCrxCl3 no crystals with higher amounts 
of Cr than x > 0.5 and sufficient quality were found. 
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The structure refinement of Ru0.5Cr0.5Cl3 using the atomic parameters of α-RuCl3 as start values 
and a mixed Ru/Cr occupancy on the metal position (Wyckoff site 4h) yields a reasonable structure 
model, however with somehow larger atomic displacement parameters for the metal atoms and a 
relatively high difference Fourier (Fobs–Fcalc) maximum of 7 e·Å–1 at the 2b site (0, ½, 0), in the 
van der Waals gap directly above and below the voids of the honeycomb layers. For reasons stated 
above, this maximum does probably not correspond to a new atomic position but is a result of 
wrong intensities of Bragg reflections caused by diffuse scattering contributions. Omitting all 
Bragg reflections lying on the diffuse rods 0KL, 1KL, 2KL, with K = 3n+1 and K = 3n+2, (see next 
paragraph) the refinement proceeds smoothly to good R values and a featureless difference Fourier 
map, Table 2. The refinement results in a composition Ru0.48(1)Cr0.52(1)Cl3 close to the nominal one, 
but slightly richer in the Cr content as derived by EDX (x = 0.59). However, the assumed absence 
of atoms in the van der Waals gaps needs to be cross-checked by local methods, cf. below.  
In order to get reasonable refinements and to make at least some estimates about Cr contents and 
structure features of the Ru1−xCrxCl3 samples with x = 0.05, 0.1 and 0.2, these data sets were 
filtered by removing all reflection in rows with diffuse streaks, too. This leads to a drastically 
decreased number of reflections, but we tried to keep a data/parameter ratio of about 10 to prevent 
unstable refinements, if necessary by adding restrictions. The results of these refinements are stated 
in Table 2, Table 3 listed the changes of interatomic distances and angles with x. As can clearly be 
seen, the refined Ru/Cr ratios on the 4h site are in line with EDX data and the nominal 
compositions within analytical limits and the lattice parameters agree with those from powder data. 
We therefore assume from the X-ray diffraction data, that Cr3+ ions substitute Ru3+ on its lattice 
site only. The lattice parameters change slightly upon substitution and the substitution increases 
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the propensity for stacking faults noticeably. The local M–Cl coordination geometries reveal only 
minor change, too, Table 3. 
Table 2. Crystallographic data refinement results for Ru1−xCrxCl3 with x = 0.05, 0.1, 0,2 0.5. 
 
Nominal x 0.05 0.1 0.2 0.5 0.5 
chemical 
formula (EDX) 
Ru0.96(1)Cr0.05(1)Cl
3 
Ru0.91(4)Cr0.10(2)Cl
3 
Ru0.75(2)Cr0(1)Cl3 Ru0.41(4)Cr0.59(4)Cl3 
refined formula Ru0.92(1)Cr0.52Cl3 Ru0.08(1)Cr0.16(1)Cl
3 
Ru0.75(2)Cr0.25(1)Cl
3 
Ru0.48(1)Cr0.52(1)C
l3 
Ru0.48(1)Cr0.52(1)C
l3 
formula 
weight, g/mol 
 
205.99 
 
203.53 
 
195.03 
 
181.73 
temperature, K 100 
crystal system, 
space group, Z 
monoclinic, C2/m, 4 
a, Å 5.9673(5) 5.9689(8) 5.9662(8) 5.9701(15) 
b, Å 10.3391(5) 10.3333(10) 10.3361(12) 10.3133(23) 
c, Å 6.0301(6) 6.0422(11) 6.0300(8) 6.0496(12) 
β, deg 109.093(9) 109.241(18) 108.756(14) 108.828(15) 
V, Å3 351.57(5) 351.86(9) 352.11(8) 352.55(14) 
ρ,  g·cm–3 3.845 3.767 3.679 3.425 
crystal size, 
mm3 
0.262×0.102×0.0
11 
0.151×0.073×0.0
17 
0.112×0.027×0.0
08 
0.114×0.082×0.011 
radiation type, 
wavelength, Å 
MoKα, 0.71073 
µ, mm–1 6.36 6.26 6.14 5.81 
rel. 
transmission 
0.534/1.000 0.565/1.000 0.635/1.000 0.665/1.000 
θmax° 44.42 34.65 45.65 45.40 
data set filtered filtered filtered full filtered 
data/parameter
s* 
172/22 87/9 171/13 1529/22 172/22 
reflections 
meas./ 
unique/filtered 
13959/1539/1466 2050/747/220 3690/1523/402 8275/1529/– 8275/1529/918 
Rint 0.0402/0.029 0.0220/0.018 0.0290/0.020 0.016 0.018 
R1/wR2 * 0.015/0.036 0.031/0.081 0.028/0.062 0.0236/0.0505 0.013/0.027 
GooF* 1.105 1.233 1.122 1.110 1.262 
Δρmax/Δρmin, e 
Å–1 
0.33/–0.64 0.88/–0.66 0.52/–0.99 7.81/–0.89 0.314/–0.267 
*: for all reflections in the actual refinement 
 
Table 3. Selected structure data for Ru1−xCrxCl3 with x = 0, 0.05, 0.1, 0,2 0.5 (filtered data) as well 
as for CrCl3.39 
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Nominal x 0 0.05 0.1 0.2 0.5 1 
d (M–Cl1) / Å 2.357(1) 2.380(1) 2.352(1) 2.335(1) 2.361(1) 2.347(1) 
d (M–Cl2) / Å 2.354(1) / 
2.356(1) 
2.379(1) 
/2.420(1) 
2.367(1) / 
2.371(1) 
2.350(1) / 
2.374(1) 
2.346(1) / 
2.352(1) 
2.342(1) / 
2.340(1) 
Angle (Cl1–M–
Cl2) / ° 
91.11(1) 88.22(1) 90.80(1) 92.41(1) 92.13(1) 93.10(1) 
 
TEM investigations 
Since the XRD analysis provides only limited information about the stacking sequence in the 
crystals, a TEM study has been undertaken using the Ru0.91(4)Cr0.10(2)Cl3 sample. EDX analysis 
performed on lamellae as well as on several crystallites confirms the composition of the TEM 
specimen. 
Figure 5 provides typical SAED patterns collected by tilting the sample to the angles 
corresponding to the desired zone axes, following Kikuchi lines. The reflection conditions hkl: 
h+k=2n; h0l: h=2n; 0kl: k=2n; hk0: h+k=2n; 0k0: k=2n; h00: h=2n confirm the C2/m space group. 
The lattice parameters derived from the ED patterns are in line with the XRD data a ≈ 5.9 Å, 
b ≈ 10.4 Å, c ≈ 6.1 Å, β ≈ 109°. In both 001 and 010 zone-axis, no particular disorder is visible. 
However, the structure exhibits a diffuse streak along the c-direction in its 110 and 100 zone-axis 
indicating a strong interlayer stacking disorder revealed also by XRD.  
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Figure 5. Electron diffraction patterns of a Ru0.91(4)Cr0.10(2)Cl3 sample along the (a) 001, (b) 010, 
(c) 100, and (d) 110 zone-axis directions. The scale bar corresponds to 2 nm–1. 
 
Figure 6 presents a TEM image of the sample recorded along the 001 zone axis. In this projection, 
a distorted hexagonal pattern is formed by the voids between the Ru/Cr atomic columns. The 
distance between the centers of these voids is about 5.9 Å. Thus, the mixed-metal compound 
preserves the honeycomb type lattice of α-RuCl3 in the ab-plane, with no voids filling.  
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Figure 6. TEM image of Ru0.91(4)Cr0.10(2)Cl3 sample taken in the 001 zone-axis and the 
corresponding FFT.  
 
 
Figure 7. (a) HR-STEM image of the Ru0.91(4)Cr0.10(2)Cl3 sample taken along the 100 zone-axis 
with overlaid atomic structure for the 100 and 110 zone axis. Inset shows the FFT of the image 
and the marked mask for filtered image b. (b) Fourier filtered image of a, with color coded and 
marked stacking sequences. (c) Close-up of the atomic structure with of an atomic overlay of the 
100 zone axis, blue and yellow circles denote Ru/Cr and Cl columns, respectively. 
 
To further elaborate the origin of the observed streaks in the ED pattern in 100 zone axis 
orientation, HR-STEM images have been acquired. Figure 7 shows the atomic resolution images, 
where due to the high atomic number, the Ru/Cr atom columns are clearly visible. Even though 
the sample was oriented in the 100 zone axis, areas which resemble the 110 atomic arrangement 
are found. To further analyze this behavior, Fourier filtered images using the wedge mask shown 
in Figure 7a-inset are created (see Figure 7b). Here, the local stacking (A, B, or C) of the whole 
image was analyzed and color coded. Stacking sequences of e.g. AAA… are assigned to 100 
oriented areas, whereas stacking sequences of ABC… are assigned to 110 oriented areas. No clear 
long range stacking sequence could be found, resulting in the observed streaks in the ED pattern 
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in 100 and 110 zone axis orientation. Analyzing the atomic stacking in detail (see Figure 7c), we 
found that only shifts between the layers corresponding to the Cl···Cl van der Waals gap are 
observable.  
It is worth mentioning that stacking faults in pure α-RuCl3 may affect the Heisenberg and 
asymmetric exchange interactions and may, thus, be a reason of a long-range magnetic ordering at 
low temperatures40,41. For α-RuCl3, e.g., specific heat and susceptibility measurements reveal two 
separate Néel transitions at about 7 and 14 K on moderate-quality single crystals 42,43,29, while 
highest-quality crystals exhibit only the phase transition at the lower temperature. 38,44 In the case 
of the Ru1-xCrxCl3 sample with x = 0.1 the magnetic susceptibility measurements revealed that 
instead of two Néel transitions only a broad hump is observed near the antiferromagnetic ordering 
temperature (see 45 and Figure 9 in Magnetic properties measurements part below). We assume 
that the broadening of the magnetic transitions may reflect the increased disorder along c-axis as 
compared to pure ABAB-stacked α-RuCl3, as revealed by HR-STEM. Due to sensitivity to the 
local electronic environment in 2D systems, disorder might have a profound impact that masks the 
intrinsic magnetic behavior. Thus, the stacking sequence of the layers, as well as small distortions 
inside each layer are important for the understanding and a consistent description of the physical 
properties of Ru1-xCrxCl3.  
 
Raman spectroscopy 
Figure 8 shows the non-polarized Raman spectra of Ru1-xCrxCl3 samples with x = 0, 0.02, 0.05, 
0.1, 0.5, and 1 measured using the 633 nm excitation line at T = 300 K on single crystals. The 
spectrum of pure α-RuCl3 and CrCl3 reproduce the literature data for the anhydrous metal 
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trichlorides 46,47,48,49 and at least five phonon modes can be observed in accordance with factor 
group analysis for the C2/m space group. These modes can be identified as Ag + Bg doublets which 
cannot be resolved with the given experimental setup. The Raman spectra of the ternary samples 
can be fully described as a superposition of the corresponding RuCl3 and CrCl3 spectra. With 
increasing chromium content up to x = 0.02, the CrCl3 mode at 247.9 cm−1 becomes visible. For 
the sample with x = 0.1, modes at 117.4, 166.3, 209 and 345.5 cm−1 are evident. Thus, the apparent 
lack of additional Raman-active lines is assigned to the symmetry preservation in the composition 
range Ru1−xCrxCl3 (0.02 ≤ x ≤ 0.5) which is in line with our XRD and TEM data. The incorporation 
of chromium into α-RuCl3 only modifies bond lengths and reduced masses and, hence, the 
exchange parameters within the same lattice type. Thus, the effects of the investigated substitution 
are restricted to modifications of bond lengths and reduced masses and, hence, the exchange 
parameters within the same lattice type. The Raman data bear no evidence for a change of the 
oxidation state of Ru3+ as it has been observed upon sodium intercalation. 50  
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Figure 8. Raman spectra of the Ru1-xCrxCl3 series recorded with an excitation wavelength of 633 
nm.  
 
Magnetic properties measurements 
The temperature dependence of the magnetic susceptibility of Ru1-xCrxCl3 single crystals in applied 
magnetic fields H || ab is represented in Figure 9. For the samples with x = 0.1 and 0.5 temperature 
spin-glass state is observed. Furthermore, upon the series the room temperature magnetic 
susceptibility increases progressively with increasing Cr content x, which is consistent with the 
addition of s = 3/2 Cr3+ moments into the Jeff = ½ Ru3+ matrix. The low temperature magnetic 
susceptibility increases over two orders of magnitude from α-RuCl3 to CrCl3, and which is mainly 
attributed to ferromagnetic interactions between neighboring Cr sites within the honeycomb layers.  
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A Curie-Weiss fit in the paramagnetic high-temperature region between 200 K and 300 K yields 
large effective paramagnetic moments μeff = 2.2(2) μB of the Jeff = 1/2 ruthenium ions in α-RuCl3 
due to its mixed spin-orbital character 5, while the effective moment increases towards μeff = 3.5(3) 
μB, which is slightly lower than the expected spin-only value μeff = 3.87 μB for the s = 3/2 chromium 
ions in CrCl3.  
In the temperature region below about 10 K, the magnetic susceptibility of α-RuCl3 shows an 
antiferromagnetic transition into a zigzag order at TN = 7 K and a shoulder around TN = 10 K. 
According to previous studies, this indicates a dominant ABC stacking in the sample with a small 
amount of stacking faults 12. A splitting between the zero-field cooled and the field-cooled 
magnetization at low temperatures for x = 0.1 and x = 0.5 suggests that the antiferromagnetic 
ground state of α-RuCl3 could be changed upon Cr doping either into a canted antiferromagnetic 
structure or into a spin-glass state. The magnetic susceptibility of CrCl3 then indicates the 3D 
antiferromagnetic transition at TN = 14 K with a preceding strong increase at slightly higher 
temperatures indicating the ferromagnetic 2D order within the honeycomb planes at TC  ≈ 18 K in 
good agreement with previous studies 20, 51. In general, our magnetic measurements confirm there 
are no impurity phases or phase separations in the Ru1-xCrxCl3 crystals under investigation. 
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Figure 9. Temperature dependence of the normalized magnetization M/H of Ru1-xCrxCl3 on a 
semi-logarithmic scale. The magnetic field of 1000 Oe was applied in the ab plane of Ru1-
xCrxCl3 single crystals. The inset is a zoom into the low-temperature region. Open and full 
symbols stand for zero-field-cooled (ZFC) and field-cooled (FC) magnetization measurements. 
 
Summary 
α-RuCl3 serves as a host matrix for magnetic Cr3+ dopant. Single crystals of the materials 
Ru1−xCrxCl3 (0 ≤ x ≤ 1) were grown by chemical vapor transport reaction. Crystallographic studies 
reveal that the mixed-metal compounds preserve the honeycomb type lattice of α-RuCl3 with 
mixed occupancy of Ru/Cr sites. The versatility of the doping allows for extensive magnetic, 
microscopic and spectroscopic measurements in a broad range of chromium concentrations. The 
ground state of α-RuCl3 can be changed upon Cr doping either into a canted antiferromagnetic 
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structure or into a spin-glass state by emerging Cr–Ru exchange interactions. These results 
contribute to the fundamental experimental understanding of the effect of magnetic impurities in 
Kitaev materials beyond α-RuCl3 and exhibit one of possible chemistry routes for the fabrication 
of devices for spin‐orbitronic and spin‐photonic applications. 
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